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Abstract 
 
Thermoelectric performances on cobaltite ceramics can be changed by doping 
followed by grain orientation methods. This can be performed by the Laser 
Floating Zone (LFZ) method on samples with different substitutions in the Rock 
Salt sublattice. In this work, Bi2-xPbxCa2Co1.7Oy (x = 0.0, 0.2, 0.4 and 0.6) 
ceramics have been directionally grown at 30 mm/h. In all the cases, samples 
show a microstructure composed, mainly, of alternated grains of the 
thermoelectrical phase and the solid solution Bi(Pb)-Ca-O, with small CoO 
inclusions. It has been found an important improvement on the resistivity and 
thermopower for samples with 0.4 Pb substitution, leading to power factor 
values higher than usual in misfit cobaltites obtained by conventional solid state 
routes. 
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1. Introduction 
 
Thermoelectric (TE) materials can transform a temperature difference to 
electrical power directly due to the well-known Seebeck effect. This important 
characteristic has focused attention on this type of materials in order to be 
applied in waste heat recovery devices.1 
High performance thermoelectric materials should possess large Seebeck 
coefficients ( ), low electrical resistivity (ρ) and low thermal conductivity (κ). Low 
electrical resistivity is necessary to minimize Joule heating, while a low thermal 
conductivity helps to maintain a large temperature gradient between the hot and 
cold sides. The three factors, as well as absolute temperature (T), are 
embodied as a dimensionless factor, the Figure of Merit, zT ( 2T/ ).2 
Nowadays TE devices based on intermetallic materials with high zT values, are 
industrially used, e.g. in vehicles, but due to their degradation at high 
temperatures under air, they should not be used in devices working in those 
conditions. This limitation was overwhelmed by the discovery in 19973 of 
attractive thermoelectrical properties in ceramics such as Na2Co2O4. Thus, the 
cobaltite ceramics have attracted attention as promising thermoelectric 
materials for high temperature applications. The intense research work devoted 
on those ceramics led to the discovery of new compositions, such as Ca3Co4O9, 
Bi2Sr3Co2O9, LaCoO3 and Bi2Ca2Co2Oy with high thermoelectric properties.
4-7 
Crystallographic studies on those cobaltites showed that their structure is 
composed of two different layers, with an alternate stacking of a common 
conductive CdI2-type CoO2 layer with a two-dimensional triangular lattice and a 
block layer composed of insulating rock-salt-type (RS) layers. The two sub-
lattices (RS block and CdI2-type CoO2 layer) possess common a- and c-axis 
lattice parameters and  angles, but different b-axis length, causing a misfit 
along the b-direction.8-10 Furthermore, the size of the RS block has an influence 
on the Seebeck factor.7 
The high structural anisotropy of this type of materials leads to the formation of 
plate-like grains during the crystallisation. This shape anisotropy opens the 
route to align preferentially the grains using physical, mechanical and/or 
chemical processes. Such grains alignment would allow attaining macroscopic 
properties comparable to those obtained on single crystals. Numerous methods 
have been reported to be efficient to obtain a good grains alignment, such as 
hot uniaxial pressing,11 spark plasma sintering,12 laser zone melting (LFZ),13 
templated grain growth (TGG),14 etc. On the other hand, cation substitution in 
the RS layer [Gd and Y for Ca,15 or Pb for Bi16] is known to improve the 
thermoelectric properties. 
In this work, it is reported the effect of Pb for Bi substitution on the 
microstructure and thermoelectric properties of Bi2-XPbXCa2Co1.7Oy grown from 
the liquid trough the LFZ method. 
 
2. Experimental 
 
Bi2-xPbxCa2Co1.7Oy, with x = 0, 0.2, 0.4 and 0.6, polycrystalline samples were 
prepared by the conventional solid state route using commercial Bi2O3 
(Panreac, 98 + %), CaCO3 (Panreac, 98 + %), Co2O3 (Aldrich, 98 + %), and 
PbO (Panreac, 99 + %) powders as starting materials. They were weighed in 
the appropriate proportions, mixed and ball milled for 30 minutes at 300 rpm in 
an agate mortar. In order to assure the total decomposition of carbonates, the 
mixed powders were thermally treated twice at 750 and 800ºC for 12h under air, 
with an intermediate manual milling. This step is of the main importance, as it 
has been designed to avoid the presence of carbonates in the LFZ process, 
which would decompose in the melt leading to bubble formation inside the liquid 
phase and, more important, disturbing the crystallization front. The so obtained 
powders were then isostatically pressed at 200 MPa for 1 minute in order to 
obtain green cylindrical ceramic bars, which were subsequently used as feed in 
a LFZ device equipped with a continuous power Nd:YAG solid sate laser (1.06 
μm) and described elsewhere.17 
The texturing processes have been performed downwards with a growth speed 
of 30 mm/h. In order to assure the compositional homogeneity of the molten 
zone and maintaining constant the textured rod diameter, the feed and the seed 
have been rotated at 15 and 3 rpm in opposite directions, respectively. After the 
LFZ process, long (more than 20 cm) textured cylinders have been obtained, 
with c.a. 2 mm diameter. These bars were finally cut to obtain samples having 
the adequate dimensions for their characterization. 
Powder X-ray diffraction (XRD) patterns have been systematically recorded in 
order to identify the different phases in the thermoelectric textured materials. 
Data have been collected at room temperature, with 2θ ranging between 10 and 
40 degrees, using a Siemens Kristalloflex diffractometer working with Kα Cu 
radiation. 
Microstructures have been observed by scanning electron microscopy JEOL 
6000 equipped with an energy dispersive spectroscopy (EDS) device. 
Micrographs of longitudinal fractured sections have been recorded to observe 
the general grain orientation, while longitudinal polished sections of the samples 
have been observed to analyze the different phases and their distribution. From 
these pictures, grain misalignment from the bar axis has been measured using 
Digital Micrograph software. Electrical resistivity ( ) and Seebeck coefficient ) 
or Thermopower (TEP) were simultaneously determined by the standard dc 
four-probe technique in a ZEM-3 measurement system (Ulvac-Riko), in the 
steady state mode and at temperatures ranging from 50 to 650 ºC under He 
atmosphere. With the electrical resistivity and thermopower data, the power 
Factor (PF) has been calculated (PF = 2/ ) in order to determine the samples 
performances. 
 
3. Results and discussion 
 
Powder XRD patterns for the different Bi2-xPbxCa2Co1.7Oy samples, grown by 
the LFZ process, are displayed in Fig. 1. From these data, it is clear that all the 
samples have very similar diffraction patterns and show minor peaks 
corresponding to non thermoelectrical secondary phases. The highest peaks 
belong to the misfit cobaltite phase and are in agreement with previously 
reported data.18 Weak diffraction peaks (marked with a *) are related to the solid 
solution (Bi,Pb)CaO secondary phases, and the  indicates the Si (111) 
diffraction peak, used as reference. Otherwise, the cobaltite peaks show a 
displacement towards lower angles when Pb for Bi substitution is increased, as 
it is illustrated in Fig. 2, due to the modification of the RS cell parameters. From 
the (0010) diffraction peaks, the c parameter evolution has been evaluated as a 
function of the Pb content and it is represented in the insert of Fig. 2. A linear 
relationship, between the nominal Pb adition and the c parameter is clearly 
evidenced, which indicates a proportional increase of the Pb content in the TE 
phase. On the textured samples, which have been fractured (see fig. 3), it is 
observed that each macroscopic grain is in fact composed of many, well 
stacked and very thin, plate-like grains (  0.4 m) with a large surface area 
(more than 60 x 60 m2). 
SEM micrographs overviews performed on polished longitudinal sections, 
displayed in Fig. 4, show that all samples are free of porosity. It can also be 
seen that the amount of secondary phases (observed, principally, as black 
contrast) decreases from 0.0 to 0.4 Pb substitution while increasing Pb 
sunbstitution to 0.6 starts to increase the secondary phases content. On the 
other hand, grain alignment follows similar evolution; it is increased from 0.0 to 
0.4 Pb content, and starts to decrease with higher Pb content. This evolution is 
clearly illustrated with Fig. 5, where higher magnification SEM micrographs are 
displayed. In order to quantify the misalignment angle of the TE phase with the 
bar axis (growth direction), several SEM micrographs, have been used to 
determine the mean angles for the different Pb contents. These values have 
been determined as 13, 10, 6, and 10º for Pb contents of 0.0, 0.2, 0.4 and 0.6, 
respectively. In this figure, it is also possible distinguish between two gray 
contrasts and two different black phases by their morphology. The composition 
of these four different phases has been determined by EDX. The different 
phases have been identified as: dark grey phase, corresponding to the misfit 
cobaltite structure, light grey phase, Co-free secondary phase and identified as 
a Bi(Pb)-Ca-O solid solution. The black phases can be distinguish by their 
aspect, the black dendritic-like phase corresponding to CoO, and the very thin 
black plate-like phase to Ca-Co-O. This last phase is only found in Pb-free 
samples, and it is indicated by small arrows in Fig. 5a. 
The temperature (T) dependence of the resistivity (ρ), as a function of the Pb 
content of the textured materials, is shown in Fig. 6. The ρ (T) curves show a 
decrease of the resistivity when Pb substitution increases, leading to a minimum 
for samples with 0.4 Pb of about 33 m .cm (at room temperature), about 50% 
lower than the lowest resistivity values reported for the sintered specimens,8,10 
which usually show resistivity around 80-100 mΩ.cm. Further Pb addition 
slightly increases the  values. Moreover, for 0.4 and 0.6 Pb substituted 
samples, resistivities are nearly temperature independent in the temperature 
range investigated. This behaviour can be explained with the microstructural 
evolution of the samples with the Pb content, as well as with the Pb substitution 
effect.19 
Fig. 7 shows the variation of the seebeck coefficient with the temperature, as a 
function of the Pb content. It can be clearly seen that the sign of the 
thermopower is positive for the entire measured temperature range, which 
confirms a conduction governed by holes. The values of the thermopower 
increase with the temperature, with the same behaviour for all the samples and 
decreasing with Pb content. At about 50 ºC, values decrease from around 220 
µV/K obtained for the undoped samples, to around 140 µV/K for the 0.6 Pb one. 
These values are, in most of cases, higher than those reported for sintered 
materials (usually around 150 µV/K).7 The high value of the thermopower (until 
about 50% higher than those obtained for materials prepared by a conventional 
solid state reaction) is not common in this system, but we can give an 
explanation to this phenomenon: the LFZ growth can probably generate oxygen 
vacancies in a larger content than in bulk samples conventionally synthesised 
and hence, the holes concentration is, consequently, decreased due to the 
reduction of Co4+ to Co3+. It has already been evidenced that, under reduced 
conditions, the misfit phase [Ca2CoO3][CoO2]1.62 (close to the present misfit 
system) contains considerable amounts of oxygen vacancies.20 
In order to evaluate the thermoelectric performances of these materials, the 
power factor, S2/ρ, has been calculated. The temperature dependence of the 
power factor (PF), estimated from the data represented in figs. 6 and 7 is 
plotted in figure 8. When considering PF values at around 50 ºC (  room 
temperature), it can be clearly seen that undoped samples, as well as 0.2 Pb 
doped ones, have the same values (around 0.04 mW/K2.m), followed by an 
impressive increase for the 0.4 Pb doped samples, reaching 0.08 mW/K2.m, 
and decreasing for further Pb addition to 0.06 mW/K2.m. These values are, in all 
cases higher than those obtained for the sintered specimens reported in the 
literature (about 0.03 mW/K2.m at RT). 
 
 
 
4. Conclusions 
 
This paper demonstrates that bulk Bi2-xPbxCa2Co1.7Oy thermoelectric materials 
can be directionally grown by the laser floating zone method (LFZ). This 
process leads to a multilayer cobaltite with small compositional differences 
between layers, mainly in Co content. It has been found a significant increase of 
the thermopower values for samples with low Pb doping, while for high Pb 
contents, a remarkable decrease on the resistivity has been obtained. 
The optimal Pb for Bi substitution has been determined using the values of the 
power factor at 50 ºC, which is maximum for the 0.4 Pb doped samples with 
values around 0.08 mW/K2.m (nearly three times higher than those reported in 
the literature for sintered specimens). 
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Figure captions: 
 
Figure 1. Powder X-ray diffraction patterns obtained for the Bi2−xPbxCa2Co1.7Ox 
samples; x = 0 (a); 0.2 (b); 0.4 (c); and 0.6 (d). Non thermoelectrical secondary 
phases peaks are indicated by an *. The  shows the Si (111) diffraction peak, 
used as reference. 
Figure 2. Enlarged view of the (0010) diffraction peaks of Bi2−xPbxCa2Co1.7Ox 
samples for x = 0.0; 0.2; 0.4 and 0.6, showing their displacement as a function 
of Pb content. The insert illustrates the relative c-axis variation with respect to 
the undoped samples. 
Figure 3. SEM micrograph of a fractured Bi1.8Pb0.2Ca2Co1.7Ox sample, showing 
the alignment and stacking of the plate-like grains. 
Figure 4. General SEM micrographs of longitudinal polished sections of the 
Bi2−xPbxCa2Co1.7Ox samples, for x = 0.0 (a); 0.2 (b); 0.4 (c); and 0.6 (d). The 
arrow indicates the growth direction. 
Figure 5. Close view SEM micrographs of longitudinal polished sections of the 
Bi2−xPbxCa2Co1.7Ox samples, for x = 0.0 (a); 0.2 (b); 0.4 (c); and 0.6 (d). The 
upper arrow indicates the growth direction, and the small ones, the Ca-Co-O 
phase. 
Figure 6. Temperature dependence of the electrical resistivity, , as a function 
of Pb content in Bi2−xPbxCa2Co1.7Ox samples, for x = 0.0 (); 0.2 (); 0.4 (); 
and 0.6 (). 
Figure 7. Temperature dependence of the thermopower, or Seebeck 
coefficient, S, as a function of Pb content in Bi2−xPbxCa2Co1.7Ox samples, for x 
= 0.0 (); 0.2 (); 0.4 (); and 0.6 (). 
Figure 8. Temperature dependence of the Power Factor, S2/ , as a function of 
Pb content in Bi2−xPbxCa2Co1.7Ox samples, for x = 0.0 (); 0.2 (); 0.4 (); 
and 0.6 (). 
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